Objectives To ascertain the feasibility of MRI as a nonionizing protocol for routine dentomaxillofacial diagnostic imaging. Wireless coils were used for MRI of intraoral hard and soft tissues. Methods FLASH MRI was applied in vivo with a mandible voxel size of 250 × 250 × 500 μm . Cone beam (CB) CT of the mandible and subjects were acquired. MRI was compared to CBCT and histological sections. Deviations were calculated with intraclass correlation coefficient (ICC) and coefficient of variation (c v ). Results A high congruence between CBCT, MRI and specimens was demonstrated. Hard and soft tissues including dental pulp, periodontium, gingiva, cancellous bone and mandibular canal contents were adequately displayed with MRI. Conclusions Imaging of select intraoral tissues was achieved using custom MRI protocols with an easily applicable intraoral coil in a clinically acceptable acquisition time.
Introduction
Medical diagnostic imaging is responsible for close to half (48 %) of human exposure to harmful ionizing radiation, with computed tomography (CT) accounting for roughly half of that amount (24 % of total) [1] . Dental and maxillofacial diagnosis and treatment planning commonly employ different forms of CT, including 64-slice and cone beam CT (CBCT), and studies have been carried out to calculate effective doses for select protocols [2, 3] . Wu et al. [4] recently reported that the radiological exposure from 64-slice CT is associated with a non-negligible lifetime-attributable risk for cancer among the most radiosensitive patients. Despite these risks, CT and CBCT have shown to be useful for the three-dimensional (3D) visualization of the teeth, and vital structures such as the mandibular canal for treatment planning, guided surgery and outcome assessment [5] [6] [7] .
The display of both hard tissue (enamel, dentin, cementum and bone) and soft tissue (gingiva, dental pulp, neurovascular bundle, mucosa, lips and facial tissues) is essential for diagnosis and treatment in various disciplines of dentistry. Some intraoral soft tissues, such as gingiva, are poorly distinguishable in CT and even more poorly so in CBCT, which is a clinically relevant drawback of these techniques.
The need for non-invasive, non-ionizing diagnostic tools has stimulated research on magnetic resonance imaging (MRI) of the maxillofacial region, but has historically been limited by its comparably low spatial resolution and feasibility concerns, such as lesser availability of equipment, long image acquisition times and high cost. Furthermore, despite a superior display of soft tissues, there is often compromised vizualisation of hard tissues (e.g. enamel and cortical bone) due to a low concentration of free hydrogen in solution.
Some progress in better visualizing select hard tissue components of the dentomaxillofacial complex has been reported. Different approaches for the display of dental hard tissues were documented in vitro using specialized single-point imaging (SPI) [8] , ultra-short echo time (UTE) [9] , or zero echo time sequences (ZTE) [9, 10] to adequately detect caries lesions, cracks/fracture of tooth structure, and pulp morphology. The in vivo application of standard MRI sequences in combination with dedicated intraoral coils allowed imaging of a region of multiple teeth, but focused on internal and surface anatomy for caries detection and overview projections [11] [12] [13] . The detailed display of bone, the neurovascular bundle and other soft-tissue components was not feasible [11] or not elaborated on in previous studies [12, 13] . A single modality to comprehensively view the various hard and soft tissues in the maxillofacial region with clinical applicability has not yet been achieved.
The aim of this study was to evaluate the ability of select MRI protocols to display such maxillofacial hard and soft tissues utilizing a wireless, inductively coupled intraoral coil and clinically acceptable acquisition times. The teeth, alveolar bone and surrounding mucosal tissues from the resultant MR images were compared with corresponding CBCT images and histological sections (where applicable).
Material and methods
In vivo imaging of two patients (29-year-old female and 35-year-old male) and ex vivo imaging of a dissected human mandible (provided by the Institute of Anatomy and Cell Biology of Albert-Ludwigs-University, Freiburg, Germany) was approved by the Ethics Committee of the Albert-Ludwigs-University of Freiburg (Application no. 338/13).
Wireless, inductively coupled intraoral coils
Individually fabricated wireless, inductively coupled intraoral coils as described below were used for imaging of the ex vivo specimen and in vivo imaging (Ludwig et al., Manuscript submitted 2015).
The coils were manufactured from insulated 1-mm diameter copper wire, an adjustable capacitor and crossed diodes. Bending the wire formed two parallel loops with a diameter of 2 cm at a distance of 1.7 cm. An adjustable ceramic capacitor (range 2.5-10 pF, 250 V) (Johanson Manufacturing, Boonton, NJ, USA,) and crossed diodes BAV 99 (MULTICOMP, Germany) were soldered to the parallel part of the coil. The coils were coated in two layers for insulation: Internally with a protective varnish (PLASTIK 70 Schutzlack, Kontakt Chemie, Iffezheim, Germany) superficially with a selfcuring acrylic die material (Pattern Resin, GC America Inc., Alsip, IL, USA). To adjust the coil's resonance frequency, an access hole to the capacitor was maintained. The radiofrequency of the inductively coupled coil (ICC) was measured (ZVB4 Vector Network Analyzer, Rhode & Schwarz, Munich, Germany) after intraoral placement and fixation to the tooth surface with silicon putty (Optosil, Heraeus Kulzer, Hanau, Germany).
Imaging
Imaging was performed with a clinical, whole-body 3 T MR system (TIM Trio, Siemens, Munich, Germany) equipped with a surface loop receiver coil (4-cm radius) and body transmitter coil. Gradient-echo fast low flip angle shots (FLASH) sequences were applied for in vivo and ex vivo imaging.
In vivo imaging
For in vivo imaging, a 4-cm loop coil (Siemens) was placed close to the cheek opposite to the intraoral coil. A segment of the left mandible was imaged in 3:57 min, with a volume of 64 × 64 × 28 mm 3 (115 cm   3 ). FLASH sequences were applied with a voxel size of 250 × 250 × 500 μm 3 (TE/TR = 4.2/11 ms, flip angle α = 15°, three averages). The maxilla was imaged with an isotropic resolution of 350 μm, a field of view (FOV) of 34 cm 3 within an acquisition time of 6:40 min (TE/ TR = 4.8/12 ms, flip angle α = 15°, five averages). The different FOV chosen for the mandible and the maxilla resulted in different image resolutions. The isotropic resolution of the maxilla allows for reconstruction of all orthogonal slices, whereas the anisotropic resolution of the mandible results in a high resolution of selected orthogonal views.
Subsequently, CBCT imaging of the volunteers was performed (3D Accuitomo 170, Morita, Japan, nominal resolution 250 μm, 90 kV, 201 images).
Ex vivo imaging
The ex vivo mandible was imaged in 4:38 min using a FLASH MRI sequence with an isotropic resolution of 200 mm 3 and a FOV of 39 × 39 × 24 mm (36.5 cm 3 ) (TE/ TR = 4.3/12 ms, two averages, α = 15º).
After MRI, CBCT of the dissected jaw (Scanora3D, Soredex, Schutterwald, Germany; nominal resolution 250 μm, 85 kV, 300 images) was performed.
Histology
The dissected human mandible was dehydrated with ascending alcohol series (70-100 % ethanol) and degreased with Xylol (Merck, Germany). The specimen was infiltrated with resin in two stages; firstly with a combination of MMA (Merck, Germany) and dibutyl phthalate 10 % (Fluka, Germany) and secondly with a combination of MMA, dibutyl phthalate 15 % and benzoyl peroxide 3 %. After curing resin surplus was cut off with a band-saw (Proxxon) and the specimen was sliced in sections of 500-μm thickness with a precision saw (Secotom 50, Struers, Germany). Selected slices were fixed on a microscope slide (Loctite 401, Henkel, Germany and Parafilm®, Reichelt Chemietechnik, Germany). Thin sections were produced with a water-cooled rotating grinder (Struers) and abrasive papers (grain 180-4000) to a thickness of 80 μm. Thin sections were stained with azur II, pararosaniline. The respective thin section was measured using a digital microscope (Zeiss, Germany) using the software AxioVision (Zeiss).
Data processing
Information from CBCT and MRI were available in a DICOM format (Digital Imaging and Communications in Medicine, National Electrical Manufacturers Association, Rosslyn, VA, USA). All data were imported into the software Voxim (IVS Solutions, Germany). An automatic threshold-segmentation was applied and followed by a manual segmentation of both imaging modalities (CBCT and MRI).
With the help of the segmented 3D surfaces the MRI and CBCT data were aligned manually. The alignment was adjusted with the orthogonal views of the images in x-, y-and z directions Figs. 1 and 2.
A representative cut through the tooth axis of the second premolar of the lower left jaw was selected for the measurement of the tooth and its surrounding hard and soft tissues (Fig. 3) . The ex vivo specimen was measured in the corresponding slice providing actual measurements for comparison with MRI and CBCT data. Corresponding slices were determined with the following protocol. A millimetre measurement grid was placed on the tooth crown in an axial projection of the CBCT data. The largest diameter in the oral-vestibular dimension and mesial-distal dimension were marked to determine the tooth axis. The identical protocol was applied on the histological specimen. The slice representing the largest orovestibular dimension of the tooth was selected for measurement. The identical slice selection for CBCT and MRI data was ensured by alignment of both datasets in a common coordinate system before slice selection in CBCT.
Measurement of dimensional accuracy of CBCT and MRI in comparison to the histological section
Reference points were marked in the cross-sectional images produced by CBCT and MRI for the following measurements: (a) vestibular alveolar limbus, (b) oral alveolar limbus, (c) tooth apex, (d) cranial border of mandibular nerve canal and (e) basal border of the mandibular nerve canal. The measurements were performed by two dentists and were repeated three times with at least 24 h between the measurements. The following distances were compared between MR and CBCT images: (D1) vestibular alveolar limbus -oral alveolar limbus; (D2) oral alveolar limbus -tooth apex; (D3) vestibular alveolar limbus -tooth apex; (D4) tooth apex -cranial border of nerve canal; (D5) cranial border of nerve -basal border of nerve ( Fig. 3) All point selections were performed in histological crosssections, cross-sectional images of MRI and of CBCT respectively, to provide comparable measurements. The deviations between MRI, CBCT and actual dimensions were calculated with the intraclass correlation coefficient (ICC) including the confidence interval (CI) and coefficient of variation (C v ). The reliability of measurements regarding the examiner was tested with a Wilcoxon signed ranks test and Friedman's test with regard to the three different time points (P < 0.05). The bias of the imaging modalities was calculated with the difference of the measured distances.
Results
The presented MR technique allowed the display of cancellous bone, gingiva surrounding the teeth and alveolar bone, mucosa constituting the vestibule and the lip, the periodontal apparatus, the dental pulp and the inferior alveolar nerve ex vivo (Fig. 3 ) and in vivo (Figs. 4 and 5) .
With CBCT, gingiva and mucosa were not displayed. The inferior alveolar nerve was indirectly delineated by its bony boundaries; the dental pulp was visible because of the surrounding dental hard tissues (Fig. 3) . Table 3 Table 4 ). The mean bias for the measurements in MR and CBCT images and histological sections were calculated with the difference of the mean measurement values. The difference between the CBCT and MRI of the ex vivo specimen was 0.09 (CI −0.1-0.28), the difference between MRI and the histological section was −0.04 (CI −0.27-0.19) and the difference between CBCT and the histological section was −0.13 (CI −0.39-0.13). For the measurements of in vivo imaging, the difference between CBCT and MRI was 0.49 (CI 0.26-0.73).
Dimensional accuracy of CBCT and MRI

Measurements
The mean values of all measurements are listed in Tables 1  and 2 for ex vivo and in vivo imaging, respectively. The relationship between measurements in CBCT, MRI and histological specimen are displayed in Fig. 5 .
Discussion
The display of both hard and soft tissue components of the intraoral anatomy is highly important for diagnostic imaging in dentistry. Routinely applied x-ray techniques (CT and CBCT) involve ionizing radiation and are limited in their ability to adequately display intraoral soft tissues. MRI is known for the superior imaging of soft tissues, but has thus far been r e l a t i v e l y u n t e s t e d a n d u n f e a s i b l e f o r r o u t i n e dentomaxillofacial diagnosis.
Within this study, a novel method for MRI protocols was applied to yield images of intraoral anatomy with a spatial resolution high enough to differentiate many tissues/structures, short acquisition times, and potential for clinical application. Inductively coupled coils for use with a standard 3 T system were built for intraoral application and were used on an ex vivo specimen of a human jaw and in vivo. The intraoral coil created an increased signal within a defined FOV to obtain high-resolution images within an acquisition time applicable for clinical routine.
The presented MR technique allowed the display of cancellous bone, gingiva surrounding the teeth, mucosa comprising the vestibule and the lip, much of the periodontal apparatus, the dental pulp and the inferior alveolar nerve. Another unique finding was the ability to visualize individual branches of the inferior alveolar neurovascular bundle projecting from the canal to supply teeth. Furthermore, delineation of the cortical bone was achieved indirectly by differentiating the relatively hyperintense signals of the surrounding soft tissue and the internal cancellous bone with the hypointense, black signal corresponding to the cortical bone. Therefore, essential structures for preoperative imaging diagnostics in dental surgery, especially implant surgery, were identified. With the presented technique, the coronal part of the tooth was not imaged. The registration of MRI data with surface data, derived from optical or conventional tooth impressions, could conceivably allow for the production of a splint for guided implant surgery.
The registration of radiographic and surface data is common practice in guided implant surgery for the production of surgical splints. Previous studies demonstrating the display of coronal tooth structures with MRI may serve as a foundation to facilitate and direct further research regarding implant surgical guide fabrication using MRI.
In vitro imaging of teeth and their different mineralized parts with MRI was demonstrated before using ZTE, UTE sequences at 7 T, 9.4 T [9], 11.4 T [10] and at 2.35 T and 9.4 T, respectively, with long scan times [13, 14] . The high magnetic inductivity and the longer scan times are currently significant obstacles to clinical feasibility. The in vivo utilization of UTE sequences effectively delineated caries from calcified parts of the tooth but required about 25 min for the display of a single tooth [15] .
Several authors have previously identified the need for dedicated coils producing high quality in vivo MR images [11] [12] [13] . Idiyatullin et al. utilized SWIFT (Sweep Imaging with Fourier Transform) sequences with a very short echo time (TE) for the detection of hard tissues and introduced a non-specified intraoral coil for dental MRI. Calcified parts of the teeth were displayed whereas soft tissues could not be discerned in detail within an unspecified FOV, an acquisition time of 10 min and a resolution of~400 μm 3 [13] . With a cable-bound intraoral coil placed between the teeth, Idiyatullin et al. acquired images with an in-plane resolution of 300 μm 3 , a FOVof 12 cm 3 within 4.5 min. The large FOV included the teeth of the upper and lower jaw; however, the periapical region, the alveolar bone and the inferior alveolar nerve were not displayed [11] .
Tymofiyeva et al. [12] introduced a wired intraoral coil that was used in combination with a contrasting agent consisting Fig. 3 Sagittal section through the magnetic resonance (MR) images (left) and the cone beam computed tomography (CBCT) images (right) of the ex vivo lower jaw. The dental pulp, gingiva, spongious bone and inferior alveolar nerve are discerned in the MR image, whereas the dental pulp canal, the bony borders of the inferior alveolar nerve and the spongious bone are delineated with the CBCT of an auto-curing agar solution in the oral cavity throughout imaging. It aimed to reproduce the tooth surface anatomy for fabricating dental restorations, rather than displaying the entire complex of dental tissues for diagnostic purposes. For the display of impacted teeth and the surrounding bone with a commercially available intraoral coil [16, 17] and for the display of alveolar bone and the inferior alveolar nerve [18] the comparison of bony anatomical landmarks of the mandible [20] . In this study, the comparison of MR images with conventional CBCT images and histological sections of the ex vivo specimen showed a high dimensional accuracy of both imaging modalities. Images of the maxilla and the mandible were acquired in vivo; however, the images of the mandible were used for accuracy analysis. Similar anatomical landmarks of the mandible were identified in in vivo and ex vivo imaging data for comparability of measurements. In clinical use, the identification of the inferior alveolar nerve is a major consideration for guided implant surgery.
Although different reference points were used in CBCT (borders of bony nerve canal; bony limbus alveolaris) and MRI (inferior alveolar nerve borders; gingiva covering limbus alveolaris), the intraclass correlation coefficient showed a high congruence between the imaging modalities and between the histological measurements. The coefficient of variation was smaller for MRI measurements compared to CBCT measurements, demonstrating more precise measurements obtained with MR images. In vivo the measurement bias was higher than ex vivo, with a tendency to longer distances measured in CBCT images than in MR images.
MRI is still inferior to CT and CBCT in point of display of hard tissues. Specifically, the tooth surface anatomy is not delineated, which is a limitation of the presented MRI protocols. The utilization of an inductively coupled intraoral coil allows for a higher resolution in a defined FOV. However, the spatial resolutions currently reached are lower than the potential spatial resolutions of CT and CBCT. The delineation of fine structures such as bony trabeculae or the periodontal ligament may thus be complicated. The field with an enhanced signal created by the intraoral coil has to include the tooth apex and mandibular canal to prevent a decreased signal with lesser visibility of the apical periodontal ligament, as observed in Fig. 3 . The application of the intraoral coil in more subjects and with relation to various indications has to be conducted to further elaborate on sensitivity and specificity of the presented protocols.
In this study, measurements were reported for CBCT and MR images of the mandible. With regard to dimensional accuracy, the future assessment of MRI of the maxilla should include its comparison with CBCT images.
The inferior alveolar neurovascular bundle was clearly identified in all MR cross-sectional images. With CBCT, the inferior alveolar nerve was discerned by its bony boundaries. While it is conventionally understood that the radiolucent (or low attenuation) signal within the canal boundaries corresponds to the canal's contents in CT/CBCT, the ability of MR to yield a relatively hyperintense signal for the canal contents could potentially have superior diagnostic abilities to CT/CBCT to detect abnormalities or pathologies within the tissues comprising the neurovascular bundle itself. An example of this is potential identification of a neuroma, haematoma or physical nerve damage in the absence of gross changes to the bone boundaries of the canal. Conventional MRI protocols may already demonstrate utility for some mandibular canal diagnostic tasks, but protocols such as those presented in this study may be a step toward optimization of diagnostic utility in cases where multiple aspects of dental/ intraoral tissues must be assessed together (such as tooth apex and mandibular canal). Other areas of potential future study include the assessment of longitudinal changes of soft and hard tissue over the course of dental therapy. MR shows potential to be a useful modality to study inflammatory or pathological processes of the periodontium and/or bone by assessing pre-treatment, during treatment and post-treatment states, given that visualization of the gingiva/ periodontal apparatus was among the strengths of this study.
Conclusions
MRI demonstrates potential utility in imaging intraoral hard and soft tissues, and complies with the undisputed aim of dose reduction in medical diagnostic imaging. The presented intraoral coil can easily be applied, and with the FLASH sequences described in our study, adequate visualization of various tissues/structures crucial to oral and maxillofacial diagnosis and treatment planning was achieved in reasonable acquisition times. Sensitivity and specificity of this modality compared with other commonly used methods is yet to be assessed for select diagnostic tasks, but our study demonstrated a high level of dimensional accuracy and congruence compared to CBCT and histological specimens. The advantages of MRI point towards a broadened application and further optimization of MRI in dentistry.
